Echocardiography allows for sensitive and non-invasive Background: assessment of cardiac function in mice, but requires sedation and immobility, which influences cardiac performance. Minimizing the hemodynamic effects of anesthesia is extremely important for improving the applicability of animal models to the clinical setting. We sought to evaluate the effects of isoflurane dose on myocardial function in a murine model.
Introduction
Animal models of disease can provide important insights into pathophysiological mechanisms and allow for evaluation of novel therapies. Murine models have been widely used for these purposes: cardiac and vascular morphologic differences between mice, rats, and humans are fairly subtle, and many physiological characteristics are comparable 1 .
For hemodynamic assessments in murine models, it is critical to develop approaches for accurate and reproducible measurements of cardiac morphology and function in intact animals. The parameters measured in mice are close to those predicted by allometric formulas when compared to other mammals, supporting the view that physiological mechanisms in mice are closely related to those in humans. Echocardiography (echo) is convenient, quick, and safe and allows for consecutive and repeated evaluations of cardiovascular physiologic and pathologic characteristics in live animals. Echo has been widely applied in determining cardiac phenotypes and functions in murine models [2] [3] [4] [5] [6] [7] . Anesthesia is necessary to achieve the best technical results but has a potential downside in that it may induce myocardial depression. Minimizing the hemodynamic effects of anesthesia is extremely important for improving the applicability of animal models to the clinical setting, especially in models of shock in which hemodynamic perturbations are paramount.
One of the classical models of septic shock in mice is the cecal ligation and puncture model 8 ; the anesthetic usually used in this model is ketamine. Ketamine is well known to produce profound bradycardia with effects on loading conditions and ventricular function, and to be more difficult to control once injected 9 . Compared to ketamine, inhalation anesthesia with isoflurane has currently been considered ideal for experimental studies in the mouse because of its rapid induction, easy control of the depth of anesthesia, and relatively stable heart rates (HR) and blood pressure during observations. It also seems to have the least myocardial depression compared to other anesthesia regimens [10] [11] [12] [13] . Few data concerning echocardiographic evaluation of left ventricle (LV) function in anesthetized and non-anesthetized mice are available 7 . It is also known that deeper levels of anesthesia lower heart rate and produce more myocardial depression 14 . In fact heart rate can be used as a proxy for depth of anesthesia.
Some investigators have trained mice in order to perform echocardiography on awake mice, thus avoiding the potentially confounding effects of anesthesia 7 . The mice, however, need to be restrained, and these experiments induce adrenergic stress that may produce hemodynamic perturbations in their own right.
The optimal depth of anesthesia for reliable and relevant measurements by high-resolution echocardiography is not well studied. The aim of this study was to evaluate the effects of isoflurane dose on myocardial function in a murine model and to compare very low doses of isoflurane to a state in which the mice were off anesthesia. To evaluate whether a very light anesthesia using a small dose of isoflurane affected systolic cardiac function, we recorded cardiac performance in mice by using a high-resolution ultrasound system in three groups with different anesthesia regimens. The three groups were based on the depth of anesthesia corresponding to HR measurement: a deep anesthesia group corresponding to a low HR (350-400 bpm), light anesthesia corresponding to a high HR (475-525 bpm) and an awake group in which cardiac performance was assessed just before the animals woke up (HR>575 bpm). Left ventricle (LV) dimensions, systolic function and aortic pulsed wave (PW) Doppler were recorded.
Materials and methods

Animals
A total of 12 healthy male C57BL/6J mice (10-12 weeks old, Jackson Laboratories, Bar Harbor, ME) weighing 26 to 30 g were included in this study. They were housed in the Central Animal Facility of the University of Medicine and Dentistry of New Jersey (UMDNJ), Camden, NJ, USA, at 20°C at 60% humidity with a 12:12-hr light-dark cycle and fed on a standard diet and water ad libitum, for at least seven days before experiments, to avoid preconditioning. Animal experiments were performed in accordance with the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals (revised 1996; National Institutes of Health, Bethesda, MD), and the Animal Care and Use Committee of UMDNJ approved the study protocol. Animals were returned to the vivarium for other experiments after the study.
Experimental protocols
To assess the effect of different anesthesia regimens on cardiac function using isoflurane, we performed 36 echocardiographic studies on 12 mice and used HR as a proxy for the depth of anesthesia.
We first performed echocardiography on 12 mice with a deep anesthesia regimen corresponding to a low HR (350-400 bpm), and did a second echocardiographic study on the same mice three days later under light anesthesia titrated to a higher HR (475-525 bpm). The anesthesia was then discontinued and the same parameters were recorded continuously until the animals woke up, when they generally moved and the images were lost. The images taken just prior to movement were used for the awake group. The HRs in the awake group were regularly higher than HR>575 bpm. The ranges of high and low HRs were determined according to previous reports on the relationship between the HR and cardiac function 15 .
Anesthesia and echocardiography preparation Isoflurane induction was performed in an induction box with 3% isoflurane (Baxter) in pure medical oxygen. After the righting reflex disappeared, the animal was fixed in supine position on a heating pad (Vevo ® Integrated Rail System, Visualsonics, Inc) to maintain normothermia and electrocardiographic limb electrodes were placed. The mouse was allowed to breathe spontaneously, and the chest was shaved to minimize ultrasound attenuation. Acoustic coupling gel (Aquasonic ® 100, Parker Laboratories, Inc) was applied to the thorax surface to optimize the visibility of the cardiac chambers and wall movements. Anesthesia was maintained with 2% isoflurane for the low HR group and with 0.5% isoflurane for the high HR group. If the HR was found to be above the required range, the isoflurane concentration could be temporarily increased to 4% and then decreased to 2% after the HR reached the required level. Contrarily, if the HR was below the required range, the isoflurane concentration could be set at 0.25% and then increased.
Echocardiographic measurements A Vevo
® 770 high-resolution ultrasound system (VisualSonics, Inc) equipped with a 30-MHz, 100-frame-per-second micro-visualization scan head was used to perform echocardiography. The echocardiographic measurements were recorded according to standard methods from previously published reports 7, 11, 16, 17 . A parasternal long-axis B-mode image was acquired with appropriate positioning of the scan head so that the maximum LV length could be identified, then a clockwise 90° rotation at the papillary muscle level was performed to obtain the parasternal short-axis view. The M-mode cursor was positioned perpendicular to the anterior and posterior walls of the LV. From this view, wall thickness and chamber dimensions were measured. Image loops were captured and included at least ten cardiac cycles. Data were averaged from at least two cycles per loop. End-diastole or end-systole was defined as the maximal or minimal LV diastolic or systolic diameter, respectively. Intra-observer and inter-observer variability To determine the intra-observer variability of echocardiographic measurements, one observer repeated the echocardiographic data analysis for eight randomly chosen mice on different days. Two observers measuring the already recorded image estimated interobserver variability. Intra-observer and inter-observer errors were calculated as the difference between the two observations divided by the mean and expressed as a percentage. Intra-and inter-class correlation coefficients (ICC) were used to evaluate the agreement for both intra-and inter-observer variability. The ICC value is the ratio of the between-subject variance to the sum of the between-subject variance and the within-subject variance. The ICC values can be considered as poor (less than 0.40), fair (0.40-0.59), good (0.60-0.74), and excellent (0.75-1.00) 18 .
Statistical analysis
Data were averaged and reported as mean ± SD unless otherwise stated. Statistical analysis was performed using SPSS software (Version 19, SPSS, Chicago). Whenever appropriate, the data for the awake and the anesthetized animals were compared with Student's t-test for matched pairs. Two-sided p-values <0.05 were considered as significant. Paired t-tests were used for intra-observer and inter-observer comparisons. Variation was evaluated by determination of ICC. This measure indicates excellent agreement if >0.75, fair to good if between 0.4 and 0.75, and poor if <0.4.
Results
Echocardiography in non-anesthetized versus anesthetized mice
There were no differences in the baseline HR among the mice we tested.
Deep anesthesia group versus light and awake groups
In the deep anesthesia group, HR was significantly lower than in the light and awake group (363±27 bpm vs. 522±17 and 608±23 bpm; p<0.0001, Table 1 , Figure 1 ). In addition, there was a significant reduction in FS between the deep anesthesia group and both the light and the awake group (31±5% vs. 48±5 and 49±5%; p<0.0001). EF was also lower in the deep anesthesia group, as compared to the light and to the awake group (59±7% in the deep anesthesia group and 80±5% and 81±5% in the light group and the awake group respectively; p<0.0001), as AV VTI (2.74+/-0.59 cm in the deep anesthesia group and 3.31±0.45 cm in the awake group; p=0.048), SV (35.01±8.27 μl in the deep anesthesia group and 41.35±5.79 μl in the awake group; p=0.048) and CO (12.67±3.08 ml/min. in the deep anesthesia group and 25.61±3.31 ml/min. in the awake group; p<0.0001) ( Table 1 , Figure 1 ).
LVEDD was slightly higher on the deep anesthesia group (3.74±0.39 mm) but no statistically significant difference could be found between the light anesthesia group (3.0±0.33 mm; p=0.0827) and the awake group (3.37±0.41, p=0.0864) ( Table 1) .
Light anesthesia group versus awake group HR was significantly lower in the light anesthesia group compared to the awake group (522±17 bpm vs. 608±23 beats/min; p<0.0001) ( Table 1 , Figure 1 ). Concerning the FS values, there were no statistical differences between the light anesthesia group and the awake group (48±5% vs. 49±5%; p=0.6212). The same results were found for EF (80±5% in the light anesthesia group; p=0.5536 when compared to the awake group), AV VTI (3.26+/-0.5 cm in the light anesthesia group; p=0.8 when compared to the awake group) and SV (41.61+/-6.86 μl in the light anesthesia group; p=0.81 when compared to the awake group).
Although SV was similar in both groups, CO was significantly lower in the light anesthesia group, (21.90+/-3.56 ml/min. in the light anesthesia group; p=0.02 when compared to the awake group) probably due to the significant difference in HR (Table 1, Figure 1 ).
Variability and reproducibility
The reproducibility of echocardiographic measurements [LVAWTd (mm), LVESD (mm), LVPWTd (mm), LVAWTs (mm), LVEDD (mm), LVPWTs (mm), FS (%), Peak AV (mm/s), AV VTI (cm)] in our study was good to excellent (Table 2) for both intra-observer variability (correlation coefficient: 0.95-0.99) and inter-observer variability (correlation coefficient: 0.67-0.99).
Inter and intra-observer reproducibility data for effect of anesthesia on murine cardiac function 
Discussion
Our study shows that there was no significant difference in cardiac inotropic performance evaluated by echocardiography between mice under very light isoflurane anesthesia (HR 475-550 bpm) and awake mice (HR>575 bpm), but that myocardial depression occurred if the anesthesia was too deep (<400 bpm). Echocardiographic evaluation of cardiac function in mice is carried out, most of the times, with the animals under anesthesia, which may alter cardiac function and thereby confound interpretation of the data. Thus, to assess cardiac morphology and function in small animals, it is critical to develop the best technique for accurate and repeated measurements.
Performing echocardiography under very light anesthesia presents several advantages compared to using awake mice. First, anesthesia permits technically excellent echocardiography by avoiding movement from the mice. Second, as the mouse is under light anesthesia, measurements are not affected by stress, which can alter HR values.
Although HR has been suggested to affect echocardiographic measurements 2, 9, 14, 19 , to our knowledge, no studies have compared the response of echocardiographic measurements between very light anesthesia and awake mice. Roth et al.
14 assessed the reproducibility of echocardiographic parameters at several time points 12 days after isoflurane anesthesia, and they found that isoflurane anesthesia provided very good reproducibility on HR, FS and end-diastolic dimensions, compared to intraperitoneal tribromoethanol, ketamine/midazolam or ketamine-xylazine.
Non-invasive assessment of cardiac performance using echocardiography allows for serial evaluations of both function and morphologic parameters. Whether these studies should be performed in conscious restrained animals or under anesthesia remains uncertain. Studies in conscious restrained animals, even after training sessions to prevent bradycardia and make the animals familiar with the procedure, have often reported cardiac function parameters that are significantly higher (HR between 600 and 700 bpm and FS% between 55 to 65) 7,19-21 than those quoted for unrestrained animals with telemetry (HR=500-600 bpm, FS% = 35-50) 21-24 , suggesting sympathetic activation. This was also supported by the fact that responses to parasympathetic blockade with atropine or to administration of isoproterenol were not observed 7 . Moreover these values were normalized and a full response to isoproterenol was restored when midazolam, a benzodiazepine with little cardiodepressant effect, was administered 25 . A similar increase in sympathetic discharge was observed in animals with implanted telemeters when subjected to restraint 26 . In addition, despite animal training and manual restraint, adequate Doppler measurement may be difficult to obtain 5 . These data suggest that the response to restraint may induce such sympathetic activation that echocardiography functions as a stress test rather than providing an assessment of baseline status. As a matter of fact some of the reported values were comparable to those obtained during sub-maximal exercise (HR> 650 bpm) 21 .
On the other hand, previous echocardiographic studies in anesthetized normal mice using various regimens of inhalation and injectable anesthetics at different doses have reported a wide range of LV dimensions (LVEDd 3.1-4.1 mm, FS% 33-58%, HR 250-600, SV 20-50 μl and CO 8-30 ml/min) 20, 25, 27 . Some of these have reported heart rates corresponding to 30-40 bpm in humans when echocardiography was performed under anesthesia, suggesting profound hemodynamic depression 28 . On the basis of our data, we believe that we should use carefully titrated inhalational isofluorane anesthesia in order to minimize both the hemodynamic effect of deep anesthesia and the hemodynamic effect of sympathetic activation in awake mice. The anesthetic regimen is extremely important for improving applicability of animal models to clinical settings, especially in models of shock, in which hemodynamic perturbations are paramount. Values are means +/-SEM; ICC, intra-and interobserver class correlation coefficients. The ICC value is the ratio of the between-subject variance to the sum of the between-subject variance and the within-subject variance. The ICC values can be considered as poor (less than 0.40), fair (0.40-0.59), good (0.60-0.74), and excellent (0.75-1.00).
Our study did have some limitations. First, the timing of echocardiographic measurements after anesthesia was not studied. Nevertheless, Wu et al. 29 recently found that when echocardiographic measurements were performed in mice with a HR between 475 and 525 bpm) after anesthesia, similar echocardiographic parameters could be obtained either a short or long time after anesthesia. As such, timing of the studies should not greatly affect the results. Second, echocardiography was performed on healthy mice and not on mice with pathological conditions. One might imagine, however, that hemodynamics in mice with cardiac disease or shock would be affected even more by anesthesia than healthy mice. Therefore, particular attention should be paid to the anesthesia regimen in mice under pathological conditions using carefully titrated inhalational anesthesia with isoflurane.
Conclusion
In conclusion, minimizing the hemodynamic effects of anesthesia is extremely important for improving the applicability of animal models to the clinical setting, especially in models of shock, in which hemodynamic perturbations are significant. We have shown that carefully titrated inhalational anesthesia with isoflurane allowed for echocardiography with minimal perturbation of hemodynamics. This anesthesia regimen allows for application in the study of cardiac function in murine models.
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variable. If, however, isoflurane is titrated to achieve a certain heart rate, the latter turns into an independent variable while isoflurane becomes the dependent variable. Either way, isoflurane concentrations and heart rates in each group need to be shown as mean plus/minus standard deviation in case of normal distribution or median and quartiles if not normally distributed. Please revise, including table 1.
Material and Methods, 4 paragraph: what were the animals' temperatures? Deviations in temperature may have a significant effect on heart rate independent of the isoflurane concentration.
Material and Methods, 4 paragraph: was an end tidal isoflurane concentration measured or are the concentrations provided from the vaporizer setting? If so, what fresh gas flow was used?
Statistical analysis: more than one comparison requires an ANOVA with post-hoc comparisons, not repeated t-tests to avoid a type I error. For non-parametric testing see below. The nature of the box plots suggests that most of the data are not normally distributed. Therefore, non-parametric tests and data presentation are necessary. Please revise.
As laid out before, due to a switch between strictly independent and dependent variables there appears to be a greater than necessary heterogeneity in the isoflurane concentrations in any of the three groups. Therefore, please plot the outcome data presented in panels A through D of figure 1 as scatter plots with the isoflurane concentrations on the x-axis and the chosen outcome on the y-axis and conduct regression and correlation analyses to emphasize the take home points of this study.
No competing interests were disclosed.
